In this paper we explore the application of Ni 2+ to the crystallization of oligonucleotides. We have determined in this way the structure of a fully alternating (Y-R) decanucleotide d(CGTATATACG) by single crystal X-ray diffraction. This is the first oligonucleotide crystal structure with an alternating 5′-(TA) 3 -3′ central part. Alternating oligonucleotides have a particular interest since they often have a unique structure. In this case the general conformation is B-like with an alternating twist and an end-to-end interaction which involves terminal guanines. The crystal belongs to space group P4 1 2 1 2 with a = b = 52.46, c = 101.49 Å. This packing imposes a 90_ crossing of the symmetry related helices. This is a new way of packing for decamers. The oligonucleotide structure is characterized by the specific association with seven nickel ions, involving the N7 atom of every guanine. One of the Ni 2+ ions is shared between two guanines of symmetry related molecules. Until now no oligonucleotide has been crystallized in the presence of this metal ion. A novel C·A·T triplet structure has also been tentatively identified.
INTRODUCTION
Alternating DNA sequences are of particular interest since it is known that some of them may give rise to unique structures, such as Z (1) or D forms (2, 3) . The structure of standard B form DNA may also be different in regions in which an alternation of sequence is found. In particular, from the crystal structure of d(ATAT) (4) an alternating model for poly(dA·dT) in the B form was suggested (5, 6) . Unfortunately, attempts to crystallize longer AT sequences have failed thus far. In an attempt to obtain the D form, Chen et al. (7) have succeeded in crystallizing the alternating sequence d(ICICICIC) and other related octamers (8) , but in the B form. Furthermore, alternating AT sequences have been crystallized as part of longer sequences such as d(CGCATATATGCG) (9) , which has a pyrimidine-purine alternation of base steps, and d(CGATATAT-CG) (10) . The latter sequence does not have a strictly alternating pyrimidine-purine sequence, so we decided to study the related decamer d(CGTATATACG), which is fully alternating.
Transition metal ions such as Mn 2+ (11) or Co 2+ (12) have been used in the crystallization of oligonucleotides. However, Ni 2+ ions have never been used for this purpose, although mononucleotides have been crystallized in the presence of this and related ions (13) . From these and other studies (14) (15) (16) it is known that Ni 2+ ions interact strongly with the N7 of guanine residues, a fact which apparently favours the transition to Z-DNA in some alternating DNA sequences (14, 15) . It appeared therefore of interest to study the influence of Ni 2+ ions on the crystallization of the title compound in order to determine whether such ions could have a strong influence on the conformation of DNA. Our results show a very specific interaction of Ni 2+ with the N7 atom of guanines, while the characteristic alternating features of the central AT sequence in the B form are maintained.
MATERIALS AND METHODS

Synthesis, crystallization and data collection
The self-complementary deoxydecanucleotide d(CpGpTpApTpApTpApCpG) was synthesized on an automatic synthesizer by the phosphoramidite method and purified by gel filtration and reverse phase HPLC. The ammonium salt of the decamer was prepared by ion exchange chromatography.
The crystals were grown by vapour diffusion at room temperature from hanging drops. The drops of 10 µl, equilibrated against a 2 ml reservoir of 6% 2-methyl-2,4-pentanediol, have been prepared in 25 mM Na-cacodylate buffer, pH 6.0, with 0.2 mM DNA (duplex) and 10 mM NiCl 2 . The percentage of precipitant (MPD) in the drop was 4%. The crystals appeared when the MPD concentration in the reservoir was increased to 8%.
X-ray data were collected at T = 110 K from a bipyramidal crystal of linear dimensions ∼0.2 × 0.2 × 0.4 mm 3 using a Rigaku RAXIS-IV image plate detector installed on an X-ray rotating anode generator operating at 50 kV and 100 mA. The intensity of the beam was optimized by focusing mirrors.
The crystal was frozen by flash cooling. In order to avoid ice rings the crystal was transferred before freezing for a few seconds into a small drop of mother solution with a higher value of MPD (30%). The diffraction data were processed and merged using the HKL package (17) . Crystal and diffraction data are given in Table 1 . 
Structure determination and refinement
The presence of stacking reflections on the collected frames initially suggested a B-like conformation for molecules oriented along a and b. The value of the a = b = 52.46 Å parameters of the unit cell are similar to the c dimension of another decamer d(CGCAATTGCG), in which a unique end-to-end interaction between two adjacent decamers is found, with 16 bp stacked along the c axis (18, 19) . In our case the asymmetric unit contains two decamers stacked in a similar manner along the a and b axes. Their numbering scheme is given in Figure 1 . The structure was determined by molecular replacement with the AMoRe program (20) . The model used was the central part of the two adjacent molecules of the structure reported by Spink et al. (18) . After getting a solution the CAATTG region of both decamers was replaced by (TA) 3 tracts with idealized B-DNA geometry. Rigid body and further refinements were carried out with the X-Plor program (21) . The diffraction data were split into a working set with 90% of the reflections and a random reference set with 10% of the reflections in order to cross-validate the refinement procedure.
The three main steps of the refinement protocol were: a rigid body refinement with an increasing number of bodies in the model until all phosphates, sugars and bases were independently refined; a positional refinement with hydrogen bond restraints; a group B factor refinement with a B max limit.
The terminal cytosines (with the exception of C31; see below) were omitted in the refinement since they did not appear in the electron density map. The initial R work was 43.35% and R free = 45.08% (8-3.2 Å). After a rigid body refinement R work = 36.0% (R free = 38.2%, 8-2.8 Å). In the (2F o -F c ) and (F o -F c ) electron density maps large spherical regions of extra density were clearly visible close to the N7 of each guanine. The distance between the N7 of each guanine and the centre of the extra density suggested the presence of nickel ions in the structure. Along the two molecules a total of seven nickel ions were positioned, each of them at an initial distance of 2.065 Å from the N7 of guanines. C31 could also be fitted inside the density found in the major groove of a symmetry related molecule.
After checking the (F o -F c ) and (2F o -F c ) maps it was still possible to see some extra densities around nickel ions. They were interpreted as due to the presence of water molecules in coordination with these ions. Because of the limited resolution of our data it was not possible to localize the individual position of the water molecules, so we decided to build as a rigid body a nickel ion surrounded by five waters with idealized octahedric geometry. The rigid octahedron was oriented so that hydrogen bonds with other neighbouring groups were optimized. During all these additions the R free and R work were steadily decreasing.
At this stage the resolution range was decreased to 8-3.0 Å and a few steps of rigid body refinement of nickel ions with associated waters were carried out followed by several cycles of positional refinement of DNA structure, ions and B group refinement [R work = 23.1%, R free = 28.2% for all data with F > 2σ(F) in the resolution range 8-3.0 Å]. Some of the weakest reflections were removed as explained in Table 1 and additional refinement steps were performed. The F o -F c map was recalculated and 14 water molecules were added. All these water molecules were associated with phosphate groups, none of them being found inside the grooves of the duplex. Two other spherical regions of extra density were found near the backbone phosphates in the zone where the helices cross. Two more nickel ions with their related waters were included although we cannot exclude the possibility that they correspond to sodium ions, since they did not interact with any nitrogen atom of the nucleotide bases. After the multiscaling procedure the final R work was 20.4% and R free = 25.3%.
It should be mentioned that not all the water molecules coordinated with nickel ions are found inside the electron density of the (2F o -F c ) map, probably due to the low resolution of our data. Electron density maps around some of the nickel ions are given in Figure 2 .
Coordinates and structure factors have been deposited with the Nucleic Acid Database as entry no. UD0004.
RESULTS AND DISCUSSION
Packing
An overall view of the structure is presented in Figure 3 . The two decamers in the asymmetric unit form infinite columns of double helices. Neighbour decamers interact through their terminal guanines, as had already been reported in other decamer structures (18, 19) . The guanines are placed in the minor groove of the neighbour decamer and form a G·C·G base triplet, as is schematically indicated in Figure 1 . On the other hand, three of the terminal cytosines could not be located. Only C31 was found to interact with a perpendicular column of double helices, as shown in Figure 3 . This interaction will be discussed in more detail below.
In the previously described decamers (18, 19) , which also interact through their terminal guanines, the oligonucleotides are organized as stacked parallel double helices. However, in our case the helical axes between duplexes follow a zig-zag pattern, as shown in Figure 4 .
In the crystal lattice each column of double helices is surrounded by symmetry related columns of oligonucleotides at an angle of 90_, as shown in Figure 3 . This is a novel packing arrangement for decamers. Perpendicular columns of double helices have only been previously reported (7, 8) in the B form DNA crystal of d(ICICICIC) and related sequences. It has also been found (22) in the structure of the hexamer d(CCCGGG) crystallized with an intercalating drug. However, in our case packing is rather loose, since the average volume of a base pair (1746 Å 3 ) is ∼20-25% larger than that usually found in the crystal structures of oligonucleotides in the B form. A large hole is present in the unit cell, as is apparent in the left central part of Figure 3 . There is no interpenetration of the perpendicular columns of double helices; they only interact through a partially ordered C31, as shown in the upper right corner of Figure 3 . A nickel ion between G10 and G30 (shown in Fig. 2a) is also placed between two perpendicular columns of oligonucleotides. The limited resolution of our diffraction data might be due to the rather loose packing that we have just described.
The end-to-end base step at either end of each oligonucleotide has an approximate twist angle of -57_. It deviates by about -90_ from the twist expected (36_) for a continuous helix. It is interesting to note that the terminal base pairs of neighbour helices are rotated by a similar amount in the opposite direction from what is found in the tetragonal crystals of d(ICICICIC) and related octamers (8) , which have a similar packing scheme. In the latter case the twist angle is ∼108_. These differences are related to the difference in space group and cell dimensions of both structures.
Each end of the two decamers in the asymmetric unit is placed in a different environment, as can be seen in Figure 3 . At the level of the C9·G12-G22·C39 pseudo base step, at the centre of Figure 3 , the G10 base in the minor groove shows a Ni 2+ -mediated interaction with a neighbour column of double helices (at the right in Fig. 3 ). At the other side, at the left of the pseudo base step, there is an empty space in the crystal lattice. The other pseudo base step C29·G32-G2·C19 is located at the upper and lower ends of Figure 3 . It has perpendicular columns of double helices on both sides. Interaction with one of the neighbour columns is mediated by C31, as already mentioned.
The role of Ni 2+ ions
To our knowledge the crystal structure we report here is the first oligonucleotide which has been crystallized in the presence of Ni 2+ ions. A striking feature of this structure is the presence of Ni 2+ ions associated with N7 atoms of all the guanines and with none of the N7 atoms of adenines. The N7-Ni 2+ distances found after refinement are given in Table 2 . One of the Ni 2+ ions is shared by two guanines.
The stereochemistry of hydrated Ni 2+ ions when associated with guanines (shown in Fig. 2 ) is practically identical to that found when Ni 2+ and several other divalent transition metals (11-13) interact with the N7 atom of purines. In mononucleotide crystals Ni 2+ ions may be found associated with either guanine or adenine (13) whereas in oligonucleotides crystallized in the presence of either Mn 2+ (11) or Co 2+ (12) a preference for guanine has already been detected. Although in the latter studies (11, 12) no adenine was found to be associated with such transition metals, not all guanines had an associated ion. These observations are in contrast to our results, where all guanines and no adenines have an associated Ni 2+ ion. The location of Ni 2+ agrees with the recent report of Shih et al. (16) , which found a very low affinity of Ni 2+ for adenine as a result of a much lower basicity of the N7 atom in adenine. The two decamers in the asymmetric unit and their nearest perpendicular decamers. Ni 2+ ions which interact with guanine N7 atoms are shown in green, whereas those which do not interact with the bases are given in blue. In the upper right end, the interaction of C31 of a neighbour duplex with the major groove of the upper decamer can be appreciated. The asymmetric unit only contains nine Ni 2+ ions (seven green, two blue), but in the figure several additional Ni 2+ ions and duplexes are represented. It is also apparent that parallel columns of duplexes are placed at a considerable distance and do not show any direct interactions.
Another feature which has an influence on the location of the Ni 2+ ions was pointed out by Gao et al. (12) . They showed that in the standard B form there would be steric clashes of the hydrated metals bound to the N7 atom of guanine with the previous base in the sequence. In our case the guanines either have a disordered cytosine at their 5′-end or lie in the wide groove of a neighbour molecule. In this way no steric clashes are present. It appears therefore that Ni 2+ and eventually other transition divalent cations may specifically interact with guanine located at the 5′-end of an oligonucleotide or with guanine in unusual conformations, as is the case described here.
The presence of Ni 2+ ions does not appear to introduce any significant distortion in the oligonucleotide structure. Watson-Crick base pairing and the narrow groove interaction of the terminal guanines are practically identical to those found in other decamer structures.
The limited resolution of our data set does not allow us to locate with precision the water molecules associated with the Ni 2+ ions. Inspection of the Cambridge Structural Database (23) shows that Ni 2+ has a tendency to form very regular octahedra by coordination with either oxygen or nitrogen atoms. Thus we always placed our Ni 2+ ions with such a coordination, as described in Materials and Methods. In many cases some of the water molecules may also form hydrogen bonds with neighbour phosphates and other groups, as shown in Table 2 .
The related decamer d(CGATATATCG) has also been crystallized in the presence of divalent cations, both Ca 2+ and Mg 2+ . In the latter cases the hydrated ions are located in the central region of the narrow groove and interact with a phosphate group in a neighbour oligonucleotide. The location of these ions is quite different to that found with Ni 2+ . We have not detected any ions in the narrow groove. On the other hand we have tentatively located two additional ions near the junction of neighbour double helical columns, as shown in Figures 2 and 3 . However, these ions do not show any direct interaction with bases and might correspond to hydrated Na + ions originating from the buffer used for crystallization.
Structure of the central T-A alternating sequence
The oligonucleotide we have studied has a fully alternating Y-R sequence, although the terminal base steps at both ends of the decamer are not part of the double helical structure. The conformational parameters of the two decamers in the asymmetric unit are very similar. The value of helical twist is compared in Figure 5 with that of other (T-A) n alternating sequences, showing a similar regular variation of twist. The GT/AC base steps have a low twist similar to that of AT, as already found in other oligonucleotide structures (24, 25) . On the other hand the CA/TG base steps of the alternating dodecamer represented in Figure 5 do not fit into the alternating pattern of the central (AT) 3 region, an unsurprising fact given the high variability of the CA/TG base step (24, 25) .
In general the conformational parameters of the two decamers in the asymmetric unit calculated with NEWHELIX are very similar in both cases and do not show any striking feature, apart from the alternating twist values just discussed. The average twist of the central octamers is 33.8_, which corresponds to 10.7 bp/helical turn. 
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The minor groove had been found to be rather narrow in the alternating dodecamer d(CGCATATATGCG) (9) but not in the decamer d(CGATATATCG) (10) .
In our case the minor groove is also narrow, as found in the dodecamer, with phosphate-phosphate distances (less 5.8 Å) in the range 3.6-4.3 Å in the central part of the duplex. It is certainly not clear what determines the width of the minor groove.
Finally we should point out that in our structure all the sugars of the duplex have the C2′ endo conformation typical of the B form. This feature is also found in practically all the bases in the other (AT) 3 alternating sequences (9, 10) . On the other hand, in the tetramer d(ATAT) the adenosines have C3′ endo sugars (6), a feature which was used in the models suggested (5,6) for alternating poly(dA·dT). In view of our results and those obtained in other laboratories (9, 10) , it does not appear necessary to have C3′ endo sugars for the adenosines in order to have an alternation of twist in the double helix.
The C·A·T triplet
In the d(CGCAATTGCG) decamer structures the terminal cytosines are only poorly defined in one structure (18) , whereas in the netropsin complex (19) a well-defined C1 is found, but C11 was not located in the electron density map. In those cases in which the cytosine base is found, it may be hydrogen bonded with either of two terminal base pairs of the neighbour decamer. It is therefore clear that terminal cytosines have high mobility and may show different interactions. Another example of such a mobility has been found (26) in the dodecamer d(CGCTCTAGAGCG).
In the structure reported here, only C31 could be tentatively located. The refined residue does not fit completely in the electron density map, as shown in Figure 6 . However, it is clear that it is located near two A·T base pairs from a neighbour molecule. This location differs completely from that found in previous studies (18, 19) . In our case it has been interpreted as forming a novel C·A·T triplet in which the cytosine forms two hydrogen bonds with adenine A26 in a way similar to a reverse Hoogsteen interaction (Fig. 6 ). An additional hydrogen bond is formed with A34 of the next base pair. In any case, it is not surprising that C31 is partially disordered since there are no hydrophobic interactions with neighbour bases which might further stabilize its conformation.
Since C31 interacts with two adenines, it is obvious that the interaction is more complex than in conventional triple helices. However we have named it a 'triplet' since it involves three DNA strands.
